and Ͼ10% in corn (Hilton et al., 1994). Fertilizer N losses due to surface runoff range between 1 and 13%
W orld consumption of fertilizer N was 85 529 551 ability was at 1 m 2 and that each square meter needed Mg in 1999 (FAO, 2001) . Of the total fertilizer to be treated independently (Raun et al., 1998; Solie et N consumed, cereal production accounts for 60%, or al., 1999) . This contrasts with the 1-ha-grid soil sampling 51 317 730 Mg (FAO, 1995) . Only 33% of the total N currently promoted in precision agriculture. At a typical applied for cereal production in the world is actually cost of $10.00 per sample for soil analyses, soil sampling removed in the grain (Raun and Johnson, 1999) , much to manage at the meter level is impractical. less than that generally reported (Hardy and Havelka, 1975) . In 1999, the unaccounted 67% represented a Response Index $15.9 billion annual loss of N fertilizer (Raun and Johnson, 1999) . With the increasing costs of N fertilizer due Evaluation of grain yield response to N fertilization to natural gas shortages, the unaccounted 67% is now in 15-yr corn and 30-yr wheat experiments has shown estimated to be worth more than $20 billion annually.
that check plots where no N has been applied exhibit Considering these poor use efficiencies and the associwide variation in the supply of soil N from year to year ated costs of improper management, technological ad- (Johnson and Raun, unpublished, 2002) . This temporal vances are needed to reduce excess nutrient applicadependence of N availability reinforces the need for tions.
midseason measurements that account for N supplied through mineralization. Raun et al. (2001) developed
Low Nitrogen Use Efficiency
an index to predict potential grain yields with no added fertilization (YP 0 ). However, it was necessary to deterNitrogen use efficiency (NUE) in cereal grain producmine the potential yield increase that could be achieved tion is low for a variety of reasons. Plant N losses as from in-season applications of fertilizer N. This work NH 3 have accounted for 52 to 73% of labeled N ( 15 N) led to the development of a fertilizer response index in corn (Zea mays L.) (Francis et al., 1993) and Ͼ21% (RI) that was calculated by dividing average normalized in winter wheat (Harper et al., 1987; Daigger et al., difference vegetation index (NDVI) from a non-N-lim-1976). Fertilizer N losses via denitrification have been iting strip (created in each field by fertilizing a strip at estimated at 9.5% in winter wheat (Aulakh et al., 1982) , a rate where N would not be limiting throughout the 10% in rice (Oryza sativa L.) (DeDatta et al., 1991) , season) by the average NDVI in a parallel strip that is representative of the N availability across the field as 4. Predict percent N in the grain (PNG) based on YP N that includes inverse relation to yield level: affected by N fertilizer applied by the farmer (Johnson and Raun, unpublished, 2002) . Farmer N fertilization PNG ϭ b 0 ϩ b 1 ϫ YP N practices could result in zero N availability to non-Nlimiting conditions; thus, the initial preplant non-N-lim-5. Calculate predicted grain N uptake (GNUP), predicted percent N in the grain multiplied by YP N : iting strip would likely range anywhere from 20 to 100 kg N ha
Ϫ1
. Computing RI will thus require the addition GNUP ϭ YP N ϫ PNG of a non-N-limiting strip in each field where NDVI from that strip will be divided by NDVI from any strip in the 6. Calculate predicted forage N uptake (FNUP) from rest of the field receiving the fixed preplant N rate of NDVI: the farmer. This quantitative RI is in turn multiplied by FNUP ϭ b 0 ϩ b 1 e b2NDVI the predicted YP 0 to determine the potential yield with added N fertilization (YP N ). 7. Determine in-season fertilizer N requirement (FNR):
Nitrogen Fertilization Optimization Algorithm
A divisor of 0.70 is used because the theoretical maxiBy knowing the quantitative response to fertilizer N mum NUE of an in-season N application is approxiachievable for a given area, the N fertilization optimizamately 70%. tion algorithm (NFOA) was developed to determine
The use of active growing days from planting and the prescribed N rate needed for each 1 m 2 based on NDVI (estimate of total N uptake, biomass, or both predicted YP 0 and the specific RI for each field. , 1996) . The objective of the current study was to growing degree days (GDD) Ͼ 0 [GDD ϭ (Tmin ϩ determine the validity using INSEY (Lukina et al., 2001 ; Tmax)/2 Ϫ 4.4ЊC, where Tmin and Tmax represent daily Raun et al., 2001 ) and NFOA to modulate N midseason ambient low and high temperatures]. Lukina et al. (2001) at 1-m 2 spatial resolution. showed that a single equation could be used to predict grain yield over a wide production range (0.5-6.0 Mg/ha), diverse sites, and with differing planting and MATERIALS AND METHODS harvest dates.
Early on in this project, we noted the need to develop a 2. Predict the magnitude of response to N fertilization, sensing system capable of predicting potential forage N uptake in-season RI (RI NDVI ), computed as: NDVI collected (Stone et al., 1996) and wheat grain yields at meter-level spatial from growing winter wheat anytime from Feekes 4 to resolution. The strategy we investigated relies on remotely Feekes 6 in non-N-limiting fertilized plots divided by sensed spectral reflectance measurements to estimate plant N NDVI Feekes 4 to Feekes 6 in a parallel strip receiving uptake and eventual yield. These estimates are used to modulate the addition of N fertilizer during early growth stages of the farmer preplant N rate. The RI NDVI has been found to the plant [between Feekes 4 and 6 (Large, 1954) ]. Our initial be highly correlated with the RI at harvest (RI HARVEST ), index for INSEY was computed by dividing NDVI {NDVI ϭ which is similarly computed by dividing the grain yield
from the non-N-limiting fertilized plots by the yield from 3. Determine the predicted YP N based both on the would be 7.0 Mg/ha). The RI NDVI was capped at 2.0 as in-season applications of N would unlikely lead to YP N † NFOA, topdress N rates determined employing estimated yield potential using the nitrogen fertilizer optimization algorithm.
being more than two times greater than baseline YP 0 . Table 2 .
disease, and no frost damage.
Collection of spectral reflectance from each 1 m 2 , computaLarge differences in forage N uptake (accurately pretion of NDVI, and optical sensors used were consistent with dicted using NDVI; Lukina et al., 2001 ) were noted at past work (Raun et al., 2001 ). All NDVI calculations were all sites, and these differences produced large disparity made with measurements taken using a hand-held multispecin the minimum and maximum N rates applied, which tral reflectance optical sensor designed and fabricated at Oklawere determined using the NFOA (Treatments 6, 7, applying preplant fertilizer to maximize yields was eviAmmonium nitrate was applied within 7 d of sensing for dent when comparing results from the 45 kg N ha Ϫ1
Treatments 2 through 4 and 6 through 8 (Table 1) Grain subsamples from each plot were ground to pass a 140 3; Table 3 ).
mesh screen, and total N in grain was analyzed using a Carlo
Results from the four sites confirmed previous work Erba NA-1500 dry combustion analyzer (Schepers et al., 1989) .
showing that yield potential could be accurately predicted (Raun et al., 2001) . At Chickasha, low YP 0 and RESULTS a limited response to N were projected. As a result, NFOA predicted that yields would be maximized at low Grain yield means, RI NDVI , and RI HARVEST are reported by treatment and location in Table 3 . The standard error midseason N rates, which was in fact observed (Table 3). Yields were maximized for Treatment 8 (45 kg N was not included in the average estimates of revenue and NUE in was therefore encouraging to find that this added N resulted in increased grain yield (3269 kg ha Ϫ1 , Treattreatments, it is apparent that Treatment 6 (all fertilizer applied midseason, variable rate average of 19.8 kg N ment 8, vs. 2744 kg ha Ϫ1 , Treatment 4). Projecting whether or not a response to applied N could be ha Ϫ1 ) was equal in yield to that obtained when either 45 or 90 kg N ha Ϫ1 as a fixed rate was applied midseason achieved is critical to this work. Excluding Perkins, the predicted response to applied N using optical sensor (Treatments 2 and 3).
At the Perkins site, the sandy loam soil dries out measurements (RI NDVI ) in early spring was positively correlated with grain yield response that could be attribquickly without timely rain, and lower soil-moisture storage becomes more yield limiting than the silt loam uted to applied N in the harvested grain (RI HARVEST ). For the four sites evaluated, the largest difference in soils at the other sites; thus, measured grain yields were lower than predicted. This anomaly has been confirmed plant growth due to preplant N nutrition was predicted to take place at Lahoma from in-season NDVI measureby other studies at this site (Raun et al., 2001) . In addition, predicted response to applied N from in-season ments, and that was confirmed at harvest, 2 mo later (0 N vs. 90 kg N ha Ϫ1 preplant). Wheat growth in Treat-NDVI measurements was overestimated by RI NDVI at this site, likely due to limiting moisture at anthesis that ments 2, 3, 6, and 7 was similar, and notably poor in early April when yield potential was sensed, because restricted response to other adequately supplied growth factors. Because no yield response to N was noted, it none of these treatments received preplant N. The RI Table 4 . Average, minimum, and maximum midseason N rates applied to three treatments employing the N fertilization optimization algorithm (NFOA), with a preplant N application variable. predicted the magnitude of an achievable N response Estimates of NUE were determined by subtracting because yields were nearly double from midseason-N removed (grain yield times total N) in the grain of applied N (RI NDVI of 2.22 and an RI HARVEST of 2.19). Havzero-N plots from that found in plots receiving added ing the ability to predict that yields can be doubled if N and dividing by the rate of N applied. Averaged over midseason N is applied is in itself a powerful tool. Furtherlocations, NUE was improved by Ͼ15% when comparmore, it is equally important to know how much N to ing Treatment 2 with Treatment 6 where similar rates apply to achieve that doubling of yields. At the Lahoma were applied. All of the treatments that employed site, 50.9 kg N ha Ϫ1 (spatially applied) was needed to NFOA (Treatments 6, 7, and 8) resulted in equal or produce yields projected with RI NDVI , equal to 90 kg N increased NUE compared with any of the single-rate ha Ϫ1 applied midseason (Treatment 6 vs. Treatment 3; combinations (Treatments 2-5). The environmental Table 3 ). Applying the NFOA enables the determinabenefit of this increased NUE cannot be determined tion of yield increases possible via midseason applicabut is considered important. tion of N, and it allows us to estimate how much N is needed to obtain that projected yield. Although apply-DISCUSSION ing all of the N preplant (Treatment 5) produced maximum yields at this site, this management practice rePlacing a biological limit on YP MAX is necessary if a quires that farmers take more risk. Once a good plant similar NFOA will be applied in other regions with stand is secured (dryland wheat production is highly other crops, soils, and differing management (tillage, dependent on rainfall soon after planting), added fertilirrigation, etc.) practices. . Similar results were noted when oneapplied N (YP N ), we placed a limit of 2.0 on RI NDVI . In half of the N rate (22.6 kg N ha Ϫ1 ) predicted using this regard, YP MAX is needed to place limits on YP N in NFOA was applied, producing 1619 kg ha Ϫ1 grain conthose cases where YP N may exceed the biological limits trasted with a grain yield of 1562 kg ha Ϫ1 and 45 kg N previously documented for specific environments. An ha Ϫ1 applied at a single rate (Treatment 7 vs. Treatexception to the RI limit of 2 would be expected in ment 2). environments conducive to high N immobilization (e.g., Simple estimates of revenue (averaged over the three no-till) or small contributions from N mineralization sites where significant differences due to treatment were (e.g., irrigated desert soils). observed) for all treatments are reported in Table 3 A prototype of a commercial-scale variable N rate (grain revenue minus fertilizer costs). Using the same applicator that employs the concepts discussed in this values for grain and fertilizer previously reported, Treatpaper has been developed (www.ntechindustries.com; ment 8 (45 kg N ha Ϫ1 preplant ϩ midseason N variably verified 21 Mar. 2002) . Implementation of the NFOA applied) increased revenue by more than $9.00 over all concept requires collecting midseason NDVI measureother treatments but required 17.5 kg ha Ϫ1 (45 ϩ 62.5 ϭ ments from optical sensors mounted ahead of each 107.5) more N compared with an average N rate of 90 kg fertilization nozzle and prescribing fertilizer rates comha Ϫ1 (applied preplant, split, or all midseason). Similar puted on the go for each 1-m 2 area. The optical sensorbenefits of Treatment 6, which used NFOA, can be seen based N fertilizer applicator is equipped with a GPS over both the 45 and 90 kg N ha Ϫ1 midseason single receiver for postprocessed georeferencing of all optical rates (Treatments 2 and 3), increasing revenue by more sensor data. For each field, farmers will provide the than $28.00 ha Ϫ1 while using less fertilizer N. Treatments date of planting to compute INSEY (NDVI/days from 2, 3, and 6 received all N midseason, the only difference planting where GDD Ͼ 0) on the go. Growing degree being that Treatment 6 received N spatially applied to day data is available to growers through various means. each 1 m 2 . In either scenario, this increased income Just before planting, a non-N-limiting strip will be apwill more than cover the increased technology costs, plied in each field. If farmers apply preplant N at a expected to be somewhere between $4.00 and $5.00 lower rate, or if they do not apply fertilizer at all, the ha
Ϫ1
. We expect the greatest economic benefit for this non-N-limiting strip will be used to later establish a fieldpractice to occur under conditions of high and spatially varying N stress.
specific RI NDVI . Before applying midseason fertilizer, the
